Seasonal changes in the neural attributes of brain nuclei that control song in songbirds are among the most pronounced examples of naturally occurring plasticity in the adult brain of any vertebrate. The behavioral correlates of this seasonal neural plasticity have not been well characterized, particularly in songbird species that lack adult song learning. To address this question, we investigated the relationship between seasonal changes in gonadal steroids, song nuclei, and song behavior in adult male song sparrows (Melospiza melodia). At four times of the year, we measured plasma concentrations of testosterone, neural attributes of song nuclei, and several aspects of song structure in wild song sparrows of a nonmigratory population. We found seasonal changes in the song nuclei that were temporally correlated with changes in testosterone concentrations and with changes in song stereotypy. Male song sparrows sang songs that were more variable in structure in the fall, when testosterone concentrations were low and song nuclei were small, than in the spring, when testosterone concentrations were higher and song nuclei were larger. Despite seasonal changes in the song nuclei, the song sparrows continued to sing the same number of different song types, indicating that changes in the song nuclei were not correlated with changes in song repertoire size. These results suggest that song stereotypy, but not repertoire size, is a potential behavioral correlate of seasonal plasticity in the avian song control system.
Most temperate zone vertebrates breed seasonally. Seasonal changes in brain structures that control reproductive behavior have been reported in numerous vertebrate species (Nottebohm, 1981; Buijs et al., 1986; Boyd and Moore, 1991; Wade and Crews, 1991; Hofman and Swaab, 1992; Skene et al., 1992; Senthilkumaran and Joy, 1993; Lee et al., 1995) . Seasonal changes in neural attributes of brain nuclei that control song in songbirds are perhaps the most striking example of naturally occurring plasticity in the adult vertebrate brain (Nottebohm, 1981) .
Several attributes of song nuclei change seasonally: (1) overall size (Nottebohm, 1981; Arai et al., 1989; Kirn et al., 1989; Brenowitz et al., 1991; Rucker and Cassone, 1991; Smith et al., 1995) ;
(2) size, density, and number of neurons (Brenowitz et al., 1991; Johnson and Bottjer, 1995; Smith et al., 1995) ; (3) dendritic and synaptic morphology (DeVoogd et al., 1985; Clower et al., 1989; Hill and DeVoogd, 1991) ; and (4) incorporation and survival of new neurons (Alvarez-Buylla et al., 1990; Nottebohm et al., 1994) . Similar changes in the size of song nuclei have been reported both in captive songbirds in which photoperiod and/or testosterone (T) were manipulated to mimic seasonally changing environmental and hormonal conditions (Nottebohm, 1981; Brenowitz and Arnold, 1985; Arai et al., 1989) and in free-ranging, wild songbirds experiencing natural seasonal changes in environmental cues (Kirn et al., 1989; Smith, 1996) . Nottebohm (1981) hypothesized that seasonal changes in the song nuclei of canaries (Serinus canaria) were related to the seasonal learning and forgetting of songs by adult males. More recent studies, however, have also found seasonal changes in the song nuclei of species that lack adult song learning (Arai et al., 1989; Brenowitz et al., 1991; Smith et al., 1995; Smith, 1996) . These results suggest that although seasonal changes in the song nuclei may be necessary for adult song learning, they are not sufficient.
Several alternative hypotheses for the behavioral correlates of seasonal plasticity in the song control system of species that lack adult song learning have been proposed: (1) song rate, (2) repertoire size, (3) song structure, and (4) song perception (DeVoogd, 1991; Brenowitz and Kroodsma, 1996) These hypotheses are not mutually exclusive.
In the present study, we investigated the hypotheses that changes in song nuclei were related to changes in song repertoire size or song structure. Several studies have suggested that the size of song nuclei is correlated with song repertoire size Canady et al., 1984; Kroodsma and Canady, 1985; Brenowitz and Arnold, 1986; DeVoogd et al., 1995) , but few studies have investigated whether seasonal changes in the size of song nuclei are associated with changes in repertoire size. Similarly, relatively little is known about seasonal variation in song structure in wild songbirds. In captive male canaries, song is highly stereotyped in structure during the breeding season but becomes more variable in structure in late summer and early fall when song nuclei are smaller (Nottebohm et al., 1986) . Few other studies, however, have investigated seasonal changes in the structure of song, particularly in species that lack adult song learning or in wild songbirds under naturalistic conditions. We examined seasonal patterns of plasma T concentrations, neural attributes of the song nuclei, and song repertoire size and structure in free-living male song sparrows (Melospiza melodia morphna). This species is well suited to study the behavioral correlates of seasonal changes in the song nuclei for two reasons:
(1) song sparrows lack adult song learning (Mulligan, 1966; Marler and Peters, 1987 ) (M. D. Beecher and S. E. C ampbell, unpublished observations) ; and (2) in western Washington State, song sparrows remain on their territories and defend them with song year round, enabling us to study the same population of birds, and to record the songs of the same individual birds, at different times of the year (Wingfield and Hahn, 1994) . This study had three goals: (1) to determine whether the size and neural attributes of song nuclei changed seasonally in wild songbirds that sing year round; (2) to identify potential behavioral correlates of changes in the song nuclei in a songbird species that lacks adult song learning; and (3) to determine the relative timing of seasonal changes in plasma concentrations of T, anatomical attributes of song nuclei, and song behavior.
MATERIALS AND METHODS E xperiment 1: plasma testosterone concentrations and neural attributes of song nuclei
Study sites and subjects. We collected territorial adult male song sparrows from three field sites in western Washington State: Skagit State Wildlife Recreation Area, Lee Forest, and Montlake Fill in Seattle. These sites are within 80 km of each other and experience similar weather and photoperiod conditions. We captured males by using a mist net and playback of male song. All collected males entered the net within 15 min of playback onset. We immediately collected blood samples from the alar veins to measure plasma concentrations of T. We stored the blood samples on ice until they were returned to the laboratory, where we centrif uged them, removed the plasma, and stored the plasma at Ϫ20°C.
We brought the song sparrows to the University of Washington on the day of capture, deeply anesthetized them with methoxyflurane (Metofane; Pitman-Moore, Mundelein, IL), and perf used them with heparinized avian saline followed by 10% neutral buffered formalin (N BF). The brains and testes were removed and stored in 10% N BF. Only males with completely pneumatized skulls, indicating that the birds were adults, were included in the study (Nero, 1951; Serventy et al., 1967) .
Sampling dates. We collected male song sparrows at four times of year: (1) in early spring, March 1-31, when the males were preparing to breed and their testes were recrudescing (n ϭ 6); (2) in late spring, April -early May, during the peak of the breeding season, when testes were f ully recrudesced (n ϭ 10); (3) in early fall, September-early October, just after prebasic molt, when the testes were completely regressed, despite high levels of territoriality and song (n ϭ 7); and (4) in late fall, December, when spontaneous territorial behavior and spontaneous song were relatively infrequent (n ϭ 8) (Wingfield and Hahn, 1994) . A similar proportion of males was collected from each field site in each season.
Testosterone assay. We measured plasma concentrations of T by radioimmunoassay (RIA) after extraction and separation from other steroids (see Wingfield and Farner, 1975; Ball and Wingfield, 1987; Smith, 1996) . The minimum detectable concentration of T varied between 0.05 and 0.26 ng /ml plasma. Samples containing concentrations below the limit of detection of the RIA were treated as having concentrations at the detection limit for statistical analyses.
Histolog y and volume measurements. Brains were embedded in gelatin and cryoprotected for 2-3 d in 10% N BF containing 20% sucrose (4°C). The brains were then frozen on dry ice and sectioned at 50 m on a sliding microtome. Sections were mounted on gelatin-subbed slides, dried overnight, stained in thionin, dehydrated in a graded ethanol series, cleared in xylene, and coverslipped in DPX mountant (BDH Laboratory Supplies, Poole, UK).
Sections were viewed at a final magnification of 46ϫ under a microprojector. In every other 50 m section, we traced the Nissl-defined borders of five song nuclei: the higher vocal center (H VC), the robust nucleus of the archistriatum (R A), area X of the parolfactory lobe, the lateral portion of the magnocellular nucleus of the anterior neostriatum (lM AN), and the tracheosyringeal portion of the hypoglossal nucleus (nX IIts). We also traced the borders of the thalamic rotund (Rt) and pretectal (Pt) nuclei, which are not involved in song. The Nissl-defined borders of H VC coincide with those defined by other markers of the nucleus Bottjer, 1993, 1995; Bernard and Ball, 1995; Smith et al., 1997b) . We included the caudomedial extension of H VC (para-H VC of Johnson and Bottjer, 1995) in our tracings. Our measures of H VC therefore coincide with the "inclusive" measure of H VC of K irn et al. (1989) and with measures of H VC used in previous studies of European starlings (Sturnus vulgaris), white-crowned sparrows (Zonotrichia leucophr ys), eastern towhees (P ipilo er ythrophthalmus), and spotted towhees (P ipilo maculatus) (Brenowitz et al., 1991; Bernard and Ball, 1995; Smith et al., 1995; Smith, 1996) . We used the criteria of DeVoogd et al. (1991) to distinguish the tracheosyringeal from the lingual portion of the hypoglossal nucleus. Tracings of brain regions were digitized with a flat bed scanner, and the areas of tracings were calculated using Image (version 1.57; Wayne Rasband, National Institutes of Health, Bethesda, MD). The volumes of brain nuclei were reconstructed using the formula for the volume of a cone frustum (Krebs et al., 1989; Smith et al., 1995; Smith, 1996) .
Neuronal attributes. We measured the cross-sectional area and density of neuronal profiles in H VC and R A by using a systematic randomsampling scheme described previously (Smith et al., 1997a) . Approximately 100 neuronal profiles in R A and 125-250 neuronal profiles in H VC were counted and measured in each bird. These sample sizes are sufficient to provide an accurate estimate of mean neuronal size and density in these nuclei .
As part of a separate study (A. Tramontin, G. T. Smith, C. Breuner, and E. Brenowitz, unpublished observations), we evaluated the accuracy of our neuron-sampling technique. We measured neuronal density in H VC and R A of four late spring and four late fall brains both with the sampling methods of this study and with an optical disector (Gundersen et al., 1988; Coggeshall and Lekan, 1996) . There were no significant differences between the neuronal density estimates provided by the sampling method we used and those provided by the unbiased optical disector technique. Our sampling methods therefore yielded accurate estimates of neuron density and number in H VC and R A.
Experiment 2: seasonal changes in song behavior
Study site and subjects. The entire song repertoires of the same five adult males were recorded at each of the times of the year when plasma T concentrations and song nuclei were measured (see above). Songs of color-banded adult male song sparrows were recorded at Discovery Park (Seattle, WA). Playback of male song was used to stimulate the birds to sing in all seasons. Using a Sennheiser M K H 816 T-U directional microphone and a Sony TCD5M cassette recorder, we recorded at least 200 (and usually Ͼ300) songs from each song sparrow in each season to ensure that the entire repertoire was sampled (Borror, 1965; Searcy et al., 1985; Podos et al., 1992) . We were unable to measure spontaneous song rates from the birds simultaneously, because playback was necessary to stimulate the birds to sing a sufficient number of songs to record their entire repertoires in all seasons.
Terminolog y. The following terms were used to describe song structure: (1) note, a sound producing a continuous trace on the sound spectrograph; (2) minimal unit of production (MUP), a sequence of notes that always occurred together in the same order in a male's songs (Barlow, 1977; Podos et al., 1992) ; (3) syllable, an MUP that was serially repeated to form a trill; (4) trill, a rapidly repeated sequence of similar syllables; (5) song type, a distinctive class of songs within the repertoire; songs belonging to the same song type shared many of the same MUPs, especially at the beginning of the song; and (6) song type variation, a rendition of a song type that contains a minor change in the number, presence, or sequence of MUPs.
All song analyses, except frequency -time cross-correlations, were performed on a Kay DSP 5500 sonograph. Spectrograms of each recorded song were viewed, and the sequence of notes in each song was entered into a database.
Repertoire size. Song sparrows sing repertoires of 5-24 distinct song types, although in western Washington, they typically sing Ͻ12 song types (Nice, 1943; Borror, 1965; Mulligan, 1966; Searcy et al., 1985; Beecher et al., 1994) . Different song types were readily distinguishable both by ear and by visual inspection of sound spectrograms and have also been shown to be statistically distinguishable (Podos et al., 1992) . We used sound spectrograms to count the number of different song types sung by each bird in each season.
Song comple xit y. We measured the complexity of song sparrow songs by counting the number of different note types (MUPs; see definition above) in each song. The number of note types per song has been used in previous studies as an index of song complexity (Read and Weary, 1992; Lampe and Epsmark, 1994) . The average number of MUPs per song was compared for each bird across seasons.
Length of trills. Trills are characteristic components of song sparrow song that involve the rapid repetition of a syllable (Mulligan, 1966) . For each trill type, we counted the number of syllables in each rendition. Only trill types that were produced in all four seasons were included. The number of syllables per trill was averaged over all trill types for each bird and compared across seasons.
Variabilit y of song t ypes. Although different song types are easily distinguishable from one another, song sparrows do not always produce their song types identically from one rendition to the next. Instead, they produce variations of their song types (Borror, 1965; Mulligan, 1966) .
All of the song types produced by an individual song sparrow can usually be recorded by sampling 200 -300 songs. Unlike song types, the number of which is finite, the possible number of song type variations produced by an individual song sparrow is practically infinite. Individual male song sparrows continued to produce different variations of their song types even after 1000 songs (Podos et al., 1992) .
To quantif y the variability with which song sparrows sang their song types, we counted the number of different variations of song types produced in a fixed number of song renditions (6 -39, depending on the number of renditions of each song type recorded). For any one song type, the same number of song renditions was analyzed in all four seasons. The rate at which new variations of song types were produced in each season was calculated by dividing the number of different variations in the analyzed songs by the number of songs analyzed. This yielded a value from 0 to 1, in which lower values indicated more stereotypy in song type production (i.e., fewer variations produced in a fixed number of song renditions), and higher values indicated more variability in song type production. A similar analysis has been used in a previous study to quantif y song variability (Ball and Nowicki, 1990) .
As a second measure of song variability, we determined the proportion of notes shared between different variations within song types by using a modification of methods of Podos et al. (1992) . Within each song type in each season, all possible pairs of song variations were compared with each other using the Jaccard correlation coefficient (CC a,b ) (Sneath and Sokal, 1973; Baulieu, 1989; Podos et al., 1992) :
where a and b are the song type variations being compared, c is the number of MUPs common to both variations a and b, u a is the number of MUPs unique to variation a, and u b is the number of MUPs unique to variation b. The resulting similarity score was a value from 0 to 1, which indicated the proportion of note types shared by the two song variants. Unlike the study of Podos et al. (1992) , we did not truncate songs of unequal lengths before comparing them, because such truncation tends to underestimate the variability within song types. The average pairwise similarity scores were calculated for each song type in each season and then pooled across song types to yield a single average within-song type similarity score for each bird in each season.
Variabilit y of syllable structure. For each bird, we randomly selected one note of each of the following six note types: (1) buzz, a rapid, long, repetitive frequency modulation, producing a continuous trace on the spectrogram; (2) trill, a repeated series of syllables, produced rapidly but not so much as to produce a continuous trace on the spectrogram; (3) introductory note, the first note of a song; (4) frequency-modulated (FM) note, a note with a rapid change in frequency; (5) whistle, a pure tone with little or no FM; and (6) FM-whistle, a note with both FM and pure tone components. The structural stereotypy of each selected note was analyzed in all four seasons.
To quantif y seasonal changes in the stereotypy of the note structure, we used a pairwise frequency -time cross-correlation method, similar to that used by C lark et al. (1987) . Ten renditions of each note were randomly selected from recordings in each season. The note renditions were digitized into the SIGNAL sound analysis program (Beeman, 1989) , and a frequency -time cross-correlation was performed between each possible pair of the 10 note renditions in each season. The crosscorrelations were performed over the frequency range from 100 Hz below the lowest frequency in any rendition of the note in any of the four seasons to 100 Hz above the highest frequency in any rendition of the note in any season. The average pairwise cross-correlation was used as an index of the stereotypy of the notes in each season. High crosscorrelations (e.g., ϳ1) indicated that the structures of the 10 note renditions were similar to one another (i.e., stereotyped). L ow crosscorrelations (e.g., ϳ0) indicated that the 10 note renditions were less similar (i.e., variable). The average pairwise note cross-correlations were pooled across all note types to yield a single note cross-correlation value for each bird in each season.
Statistical anal yses. Plasma T concentrations did not meet the assumption of homogeneity of variance for an ANOVA. They were therefore log-transformed before being subjected to a one-factor ANOVA, with season as the independent factor and log-transformed plasma T concentrations as the dependent variable. The volumes and neural attributes of brain nuclei were compared across seasons with one-factor ANOVAs, with season as the independent factor and the neural attributes as the dependent factors. Measurements of song behavior were compared between seasons with repeated measures ANOVAs, with the behavioral measurement in each of the four seasons as the repeated, dependent variable. Post hoc comparisons between pairs of seasons for all variables were made with Fisher's protected least significant difference (PL SD) tests. An ␣ level of 0.05 was used to judge significance for all tests.
RESULTS

Plasma T concentrations
Plasma T concentrations changed seasonally ( Fig. 1; F (3, 26) ϭ 20; p Ͻ 0.001). Plasma T concentrations in both early and late fall males were near or below the detection limit of the hormone assay. In early spring males, mean plasma T concentrations were significantly higher than in both fall samples (PLSD, p Ͻ 0.01). In late spring males, plasma T concentrations were significantly higher than either in the early or late fall (PLSD, p Ͻ 0.001) or the early spring (PLSD, p Ͻ 0.01).
Neural attributes of song nuclei
Size of song nuclei
The size of HVC and RA changed seasonally ( Fig. 2; F (3,26) ϭ 7.7 and 8.5, respectively; p Ͻ 0.001 for both). HVC was significantly larger in both the early and late spring than in the early or late fall (PLSD, p Ͻ 0.01 for all spring vs fall comparisons). RA was larger in the late spring than in either the early or late fall (PLSD, p Ͻ 0.01). In the early spring, the size of RA was intermediate to that of the late spring and the fall. The mean volume of RA in the early spring did not differ significantly from that of either the late spring (PLSD, p ϭ 0.12) or the early fall (PLSD, p ϭ 0.08) but was significantly greater than that in the late fall (PLSD, p ϭ 0.04).
The size of three other song nuclei-area X, nXIIts, and lMAN-did not change seasonally (Table 1) respectively). In addition, the size of two brain nuclei not involved in song behavior, Rt and Pt, did not change seasonally (Table 1) (F (3,27) ϭ 0.04 and 1.61; p ϭ 0.99 and 0.21, respectively). Thus, the seasonal changes in the size of H VC and RA were specific to those nuclei and do not reflect seasonal changes in the size of brain nuclei in general.
Neuronal attributes of R A and HVC
The size and number, but not the density, of HVC neurons changed seasonally (Fig. 3) . HVC neurons were significantly larger in the early and late spring than in the early or late fall (F (3,25) ϭ 7.0; p ϭ 0.001; PLSD, p Ͻ 0.05 for all spring vs fall comparisons). The number of neurons within the Nissl-defined boundaries of HVC was also significantly greater in the early and late spring than in the early or late fall (F (3,25) ϭ 7.1; p ϭ 0.001; PLSD, p Ͻ 0.05 for all spring vs fall comparisons). Neuronal density in HVC did not change seasonally (F (3,25) ϭ 0.19; p ϭ 0.90).
The size and density, but not the number, of neurons in RA changed seasonally (Fig. 4) . R A neurons were significantly larger in the early and late spring than in the early or late fall (F (3,26) ϭ 13.0; p Ͻ 0.001; PL SD, p Ͻ 0.001 for all spring vs fall comparisons). The density of R A neurons was significantly lower in late spring than in early or late fall (F (3,26) ϭ 6.0; p ϭ 0.003; PLSD, p Ͻ 0.01 for both comparisons); that is, RA neurons were more closely spaced in the fall than in the late spring. The density of RA neurons in the early spring was intermediate to that of the late spring and fall and did not differ significantly from that of the late spring, early fall, or late fall (PLSD, p ϭ 0.22, 0.11, and 0.07, respectively). The number of neurons in RA did not change seasonally (F (3,26) ϭ 0.06; p ϭ 0.98).
Song behavior
Repertoire size
The size of the male song sparrows' repertoires did not change seasonally (Table 2 ) (F (3,12) ϭ 0.23; p ϭ 0.87). The males sang the same number of different song types in the fall as they did in the spring.
Song complexity
The complexity of song sparrow songs also did not change seasonally. There was no significant effect of season on the number of different note types (MUPs) in each song (Table 2) (F (3,12) ϭ 0.48; p ϭ 0.70).
Length of trills
The number of syllables in trills changed seasonally (Table 2) (F (3,12) ϭ 7.03; p ϭ 0.006). Post hoc analyses revealed that trills contained significantly more syllables in the early and late spring than in the early or late fall (PLSD, p Ͻ 0.05 for all spring vs fall comparisons).
Song type stereotypy: rate of song type variations
The rate at which the song sparrows sang new variations of their song types changed seasonally (Table 2) (F (3,12) ϭ 8.62; p ϭ 0.003). Song sparrows sang fewer variations in a fixed number of song renditions in the late spring than in either the early or late fall (PLSD, p Ͻ 0.01). Thus, song types were sung more stereotypically from one song rendition to the next in the late spring than in the fall. The rate of production of different song variations in the early spring was intermediate to that of the late spring and fall and did not differ significantly from that in the late spring, early fall, or late fall (PLSD, p ϭ 0.06, 0.11, and 0.07, respectively).
Song type stereotypy: similarity of song type variations
Although more variations of song types were sung in a fixed number of song renditions in the fall than the late spring, the similarity of those variations to each other did not change seasonally. The proportion of shared notes between different song variations was not significantly affected by season (Table 2) (F (3,12) ϭ 2.18; p ϭ 0.14).
Stereotypy of note structure
Notes were more stereotyped in structure in the spring than in the fall (Fig. 5) . The average pairwise cross-correlation of 10 note renditions in each season was significantly influenced by season (Table 2) (F (3,12) ϭ 8.19; p ϭ 0.003). Note cross-correlations were significantly higher in early and late spring than in early or late fall (PLSD, p Ͻ 0.05 for all spring vs fall comparisons). Thus, different renditions of the same note were more similar to each other (i.e., stereotyped) in the spring than in the fall.
DISCUSSION
Seasonal changes in the size and neuronal attributes of the song nuclei in the song sparrows were similar to those observed in other species. Both H VC and R A were larger in late spring than in fall male song sparrows. Similar seasonal changes in the size of these brain regions have been observed in several songbird species both in the wild and in captivity (Nottebohm, 1981; Arai et al., 1989; K irn et al., 1989; Brenowitz et al., 1991; Bernard and Ball, 1995; Smith et al., 1995; Smith, 1996) .
Changes in the size of R A and H VC were accompanied by changes in neuronal attributes. The seasonal increase in the size of R A was mostly attributable to an increase in the size of its neurons and an increase in the spacing between those neurons. In contrast to RA, the spring growth of HVC was accompanied by increases in the size and number, but not the density, of neurons. These results are similar to those of a study of captive whitecrowned sparrows (Smith et al., 1995) and suggest that similar neuronal changes underlie the seasonal changes in the size of these nuclei in both captive and wild songbirds.
Plasma T concentrations changed seasonally in the male song sparrows, as reported in a previous study of the same subspecies (Wingfield and Hahn, 1994) . That study also found that plasma T concentrations were very low in the fall, began rising in March, and peaked early during the breeding season. Changes in the size of the song nuclei were temporally correlated with these changes in plasma T concentrations. A study of white-crowned sparrows demonstrated that T plays a dominant role in mediating seasonal changes in the size of the song nuclei (Smith et al., 1997a) . Consistent with this result, we found that HVC and RA were larger in the late spring, when T concentrations were at their peak, than in the fall, when T concentrations were basal. In the early spring, when T concentrations were still rising, HVC was as large as it was in the late spring. Furthermore, the size and number of neurons in HVC were also at their peak by early spring. This result suggests that in this species HVC may grow rapidly in response to increasing T concentrations in the early spring, and that there may also be a ceiling effect on the actions of T on neural attributes of this nucleus; HVC did not grow further in response to the peak concentrations of T in the late spring. The size of RA in the early spring was intermediate to that of the fall and the late spring, suggesting that RA was growing as T concentrations were rising in the early spring. At this time, RA neurons were already as large as they would be in the late spring, but the density of these neurons was in transition, intermediate to that of the late fall and late spring. These results suggest that the growth of HVC in the spring precedes that of RA. Previous studies had reported correlations between repertoire size and the size of song nuclei; that is, individuals, populations, and species that sang more different song types tended to have larger song nuclei C anady et al., 1984; Kroodsma and C anady, 1985; Brenowitz and Arnold, 1986; De-Voogd et al., 1995) . We therefore hypothesized that seasonal changes in the size of the song nuclei of male song sparrows might be associated with a seasonal change in repertoire size. The results of the present study, however, do not support this hypothesis; repertoire size remained constant across seasons, despite changes in the size of H VC and R A. Similarly, the complexity of individual songs, as measured by the number of different note types in each song, did not change seasonally. Thus, having larger song nuclei in the spring than in the fall did not enable song sparrows to incorporate more note types into their songs, nor did having smaller song nuclei in the fall lead to a loss of song notes or types.
Three aspects of song structure did change seasonally: trill length, the rate at which different variations of song types were produced, and the stereotypy of song notes. In the late spring, when T levels were high and HVC and RA were large, trills were longer, and there was less variation both in the production of song types and in the structure of the individual song notes. In the fall, when T levels were basal and the song nuclei were smaller, trills were shorter, and both song types and note structure were more variable. Seasonal changes in trill length have also been noted in white-crowned sparrows (DeWolfe et al., 1974) . Seasonal changes in trill length and in the stereotypy of song types and notes may be related to structural changes in the neural circuitry and musculature that control song. Trills are a particularly demanding component of song for the motor control system to produce, because they involve the rapid repetition of the same syllables and, therefore, of the same motor patterns. This rapid and repetitive contraction of the same muscle groups may be more likely to fatigue both the syringeal muscles and the associated motor and premotor neurons. If this is true, it may be that the smaller and fewer neurons in the song nuclei in the fall are unable to produce longer trills without fatiguing.
Seasonal changes in song type or note stereotypy may be related to changes in neural attributes of the song nuclei. Calvin (1983) suggested that larger assemblages of neurons may enable more precise temporal motor control by increasing the redundancy, and thereby reducing the error, in motor signals. Increases in the number and/or size of neurons in the song nuclei in the spring may similarly enable songbirds to control the syringeal musculature more precisely and thus may allow them to produce more uniform notes and songs from one rendition to the next.
It is also possible that seasonal changes in trill length and note stereotypy may result from direct effects of T on the syringeal muscles. Syringeal muscles contain receptors for T or its metabolites, and T influences both the weight of the syrinx and the activities of acetylcholinesterase and choline acetyltransferase in syringeal muscle (Lieberberg and Nottebohm, 1979; Luine et al., 1980; Harding et al., 1983) . Thus, the low T levels in the fall song sparrows may result in relatively atrophied syringeal muscles that are less able to produce stereotyped notes consistently from one rendition to the next or to produce longer trills without fatiguing.
An alternative explanation of the seasonal change in the rate at which different variations were produced is that this results from changes in the rate at which the birds sang. Song sparrows sing at a higher rate in the spring than in the late fall and winter (Nice, 1943; Nowicki and Ball, 1989; Wingfield and Hahn, 1994) . As the intervals between successive songs increased in the fall, the probability that the birds sang different variations of their songs from one song rendition to the next may have increased. Our data cannot directly address this hypothesis, but we are not aware of any evidence that song stereotypy varies with intersong interval.
We do not yet know the nature of the causal relationships between changes in T concentrations, neural attributes of song nuclei, and changes in song structure. Seasonal changes in plasma T concentrations may induce changes in neural attributes of the song nuclei, which then result in changes in song structure. Alternatively, seasonal changes in T may induce changes in song structure by mechanisms that are independent of changes in the song nuclei, or seasonal changes in song structure may be unrelated to changes in T concentrations. Further studies of the temporal sequence of neural, hormonal and behavioral changes, particularly during the periods of growth of the song nuclei in the early spring and of regression in the summer, may elucidate the causal relationships between these changes.
Two possible behavioral correlates of seasonal changes in the song nuclei were not measured in this study: song perception and song rate. It is possible that seasonal changes in the ability to perceive song, or in the amount of song produced, are also correlated with seasonal changes in the song nuclei. Cynx and Nottebohm (1992) reported that male zebra finches on long day photoperiods learned a song discrimination task more rapidly than males on short day photoperiods. Thus, seasonal photoperiod cues may regulate the ability of songbirds to perceive and discriminate songs. It is difficult, however, to relate this result to our study, because zebra finches do not breed seasonally and have Figure 5 . Seasonal changes in structural stereotypy of notes. Sound spectrograms of a single note. Left, Three renditions of the same pure tone note sung by the same male song sparrow in the late spring. The three renditions contain little or no frequency modulation and are similar to each other in structure. Right, Three renditions of the same note as on the left sung by the same song sparrow in the early fall. The three early fall renditions contain more frequency modulation and are less similar to each other. Thus, the structure of this note was more stereotyped in the late spring than in the early fall. Calibration, 0.25 sec. not been shown to undergo seasonal or hormonally induced changes in the size or neural attributes of their song nuclei (Immelmann, 1970; Arnold, 1980) . No studies have yet examined seasonal changes in song perception in seasonally breeding songbirds.
Song rate changes seasonally in many seasonally breeding songbird species, including song sparrows (Nice, 1943; Davis, 1958; Hiett and C atchpole, 1982; La Pointe and Bédard, 1984; Nowicki and Ball, 1989; Rost, 1992; Wingfield and Hahn, 1994) . It is possible that seasonal changes in the song nuclei may be associated with changes in the amount of song produced. In the present study, we did not measure spontaneous song rates, because it was necessary to use playback to stimulate the birds to sing to record and measure the birds' entire repertoires. This hypothesis is indirectly supported by the finding that genetically different morphs of white-throated sparrows (Zonotrichia albicollis) differ both in singing rate and in the size of some song nuclei (DeVoogd et al., 1995) . Area X, and both lateral and medial MAN were significantly larger in white morph males, which sing more frequently, than in tan morph males, which sing less frequently. Interestingly, the volumes of H VC and R A, the song nuclei that differed seasonally in our study, did not differ significantly between white and tan morphs.
T wo lines of evidence, however, suggest that there is no simple correlation between singing rate and the size of H VC and RA. Castrated male zebra finches sang at a much lower rate than gonadally intact male zebra finches, and this effect was partly reversed by treatment with testosterone (Arnold, 1975) . Castration, however, slightly increased, rather than decreased, the size of H VC and R A in male zebra finches (Arnold, 1980) . Although these results are not directly comparable to seasonal changes in the size of song nuclei in wild, seasonally breeding songbirds, they do demonstrate that dramatic hormonally induced changes in song rates can occur without changes in the size of H VC and RA. A second example is provided by studies of captive whitecrowned sparrows. Male sparrows exposed to long day photoperiods in captivity experienced levels of T that were elevated relative to those of short day males but lower than those of wild breeding males (Wingfield and Moore, 1987; Smith et al., 1995) . These captive long day males sang frequently, whereas captive short day males sang rarely if at all (Baker et al., 1984; Smith et al., 1995) . Despite these differences in song rates, two studies reported that the size of H VC and R A did not differ between captive long day and short day males (Baker et al., 1984; Smith et al., 1995) . When captive long day males were given T implants to produce levels of T comparable to those of wild breeding males, their H VC and R A were significantly larger than those of captive short day males (Smith et al., 1995) . These results demonstrate that changes in singing rate in seasonally breeding songbirds can occur in the absence of changes in the size of H VC and RA. Thus, although changes in the size of the song nuclei may facilitate changes in song rate, these neural changes are not necessary for modulating song rate.
Song stereotypy may change seasonally both in species that learn new songs as adults and in species that lack adult song learning. We found that two measures of song stereotypy, the production rate of song variations and the structural stereotypy of notes, changed seasonally in song sparrows, a species that lacks adult song learning. Song stereotypy also changes seasonally in male canaries, an open-ended song-learning species (Nottebohm et al., 1986) . In both of these species, songs are more stereotyped in structure during the breeding season, when T concentrations are high and the song nuclei are large, than outside the breeding season, when T concentrations are lower and the song nuclei are smaller. Although the stereotypy of canary song was not quantified as it was in the song sparrow songs of the present study, the increase in the variability of canary song in the fall seems to be qualitatively greater than the increase in variability that we found in wild song sparrows in the fall (see Nottebohm et al., 1986, their Fig. 6) . It is during the unstable song period in late summer and early fall that male canaries modif y their songs. These results suggest that seasonal changes in song stereotypy may be common both to species such as canaries, which learn new songs as adults, and to species such as song sparrows, which lack adult song learning. In open-ended song-learning species, the increase in song plasticity in the fall may facilitate modifications of song from year to year, whereas in age-limited species, the increased plasticity is either insufficient for song modification or is not used to modif y song from one breeding season to the next.
In summary, we found seasonal changes in aspects of song structure in wild male song sparrows that were temporally correlated with changes in plasma T concentrations and with changes in neural attributes of HVC and RA. Further investigation is needed to determine the behavioral significance of seasonal changes in song structure and to identify potential causal relationships between seasonal changes in T, neural attributes of song nuclei, and these aspects of song structure. In particular, attention should be focused on seasonal changes in song stereotypy, which may be a behavioral correlate of neural plasticity in the song system that is common to both age-limited and open-ended song learning species.
